is properly cited. e fastener-based computational model is improved and extended to predict the shear performance of reinforced cold-formed steel (RCFS) shear walls. e failure mechanism of sheathing-to-stud connections with double-layer wallboards is first analysed, and a method for determining those connections' shear properties is proposed. Numerical models of RCFS shear walls are then established and analysed. Based on simulated results that have been fully validated by previous test results, an equivalent method for perforated RCFS shear walls is proposed. Finally, the application of the improved fastener-based modelling method to mid-rise RCFS shear walls is verified. e following results were obtained. (1) e simulated load-displacement curves can fully reflect shear wall hysteretic characteristics; moreover, the relative errors between the simulated and test results are within 14.2%. (2) e equivalent method that simplifies the wall segment over an opening as a linear elastic beam is applicable in the case of 1.5 < b/d (i.e., the ratio of the opening width to the depth of the wall segment over the opening) ≤5.0. (3) e improved fastener-based modelling method can be used to effectively predict the lateral performance of mid-rise RCFS shear walls.
Introduction
Cold-formed steel (CFS) shear walls are the prime lateral load-resisting members of CFS structures. Owing to complex configurations, including CFS steel members, sheathing wallboards, and screw connections, the shear performance of CFS shear walls was mainly investigated through full-scale cyclic loading tests [1] [2] [3] [4] [5] [6] . e test results indicated that a failure of the fastener connections between the CFS framing members and the sheathings is the main reason that CFS shear walls fail in terms of shear [7] [8] [9] [10] , and this type of failure is especially common near the edges of the walls and at the seams, and the failure of fastener connections is often expressed as a bearing failure of the wallboards [11] [12] [13] . However, full-scale cyclic loading tests are disadvantageous owing to their high cost, long experimental period, and limited specimens with various test targets. Moreover, the experimental results obtained by various researchers are usually not based on specimens with the exact same configuration.
erefore, it is difficult to form quantitative assessment indexes based on these results, thus narrowing their application. Consequently, an effective numerical simulation method is a crucial and indispensable method for systematically studying the shear performance of CFS shear walls of various configurations. Sheathing-to-stud connections do not only improve the shear (lateral) capacity of CFS shear walls but also they represent the bracing system of the walls. e slipping deformation of the connections is also the main reason for the nonlinear deformation of the walls. Xuhong et al. [14] and Niari et al. [15] used ANSYS and ABAQUS, respectively, to simulate the shear behaviour of CFS shear walls and found that the simulated load-displacement skeleton curves of the walls agreed well with the test results. Nevertheless, the numerical models could not describe the slipping deformation of sheathing-to-stud connections, making it difficult to obtain the hysteretic characteristics of the walls. erefore, Peterman et al. [16] characterised the hysteretic behaviour of sheathing-to-stud connections using the Pinching 4 model developed using OpenSees structural analysis software. Buonopane et al. [17] further proposed a fastener-based modelling method based on the assumption that the main deformation of the walls is concentrated at the sheathing-to-stud connections regardless of the shear deformation of the wallboards and contacts between the wallboards' edges. e results thus obtained indicated that the fastener-based modelling method can be used to effectively simulate the hysteretic characteristics of CFS shear walls such as strength degradation, stiffness degradation, and pinching.
In order to improve the shear strength, vertical bearing capacity, antioverturning ability, and fire-resistant performance of the walls in mid-rise dwellings with 4∼6 stories, a reinforced cold-formed steel (RCFS) shear wall that is sheathed with double-layer wallboards on both sides and makes use of continuous concrete-filled rectangular steel tube (CFRST) columns as end studs was proposed by Wang and Le [18] (see Figure 1 ). However, the fastener-based modelling method is usually used for conventional CFS shear walls, and its applicability to RCFS shear walls should be further investigated. In addition, several researchers focused on the effect of an opening on the shear performance of CFS shear walls [18] [19] [20] [21] . Consequently, it is necessary to propose a modelling method specific to the RCFS shear walls, which can both reflect the hysteretic characteristics of the walls and take the effect of the opening into consideration in order to determine the shear performance of the walls for various configurations, thus meeting a computational requirement that would bridge the gap between detailed finite element models and equivalent bracing models [22] .
In this study, the fastener-based computational model is improved for predicting the shear performance of RCFS shear walls using OpenSees structural analysis software. e failure mechanism of sheathing-to-stud connections with double-layer wallboards in shear is first analysed, based on which a method for determining the shear properties of those connections is proposed. Improved fastener-based models for RCFS shear walls are then established and validated using previous test results; an equivalent method for perforated RCFS shear walls is proposed further. Finally, the suitability of the application of the improved fastener-based modelling method to mid-rise RCFS shear walls is verified.
Configuration and Shear Behaviour of RCFS Shear Walls
A typical RCFS shear wall is framed with continuous concrete-filled rectangular steel tube (CFRST) columns, lipped channel section interior studs (i.e., C-section studs), and unlipped channel section tracks and sheathed with gypsum wallboards (GWBs) as a base-layer wallboard combined with Bolivian magnesium boards (BMBs) as a face-layer wallboard using 4.8 mm diameter self-drilling screws, as depicted in Figure 1 (a). Specifically, a CFRST column is welded using two CFS C-section studs face-to-face along the vertical direction to create a tube and filled with fine aggregate concrete. e bottom track is connected to the CFRST column using hold down, whereas the top track is connected to the CFRST column using a reinforced connection, in which a gusset plate and adapting pieces are used to integrate the tracks of adjacent layers, the I-shaped joist, and the CFRST column as a unit by connecting bolts, as shown in Figure 1 (b) [23] . e base-layer wallboard is first fixed by screws with larger spacing, and then, the face-layer wallboard is fixed with fasteners' spacing being 150 mm.
Previous test results [18] indicated that the load-displacement curve of the RCFS shear wall subjected to a reversed cyclic load exhibits obvious nonlinear characteristics.
is is because the wall comprises various types of materials that exhibit material nonlinearity, and the complex boundary constraints of the wall and abundance of fasteners result in geometric nonlinearity. Consequently, the key points in the numerical simulation of the shear performance of RCFS shear walls include reasonable element types, an accurate definition of the shear properties for sheathing-tostud connections with double-layer wallboards, and effective boundary constraints of both CFRST columns and openings.
Computational Model of RCFS Shear Walls

Modelling Method.
e computational models of typical RCFS shear walls are shown in Figure 2 . e details are as follows:
(1) Reference to the modelling method in [17] ; steel frames are subdivided by nodes at fastener locations and are modelled using displacement-based beam elements with appropriate cross-sectional properties. e experimental results in the previous study showed that when the wall damaged, the steel tube and the internal concrete remained as a whole [18] . erefore, the CFRST column is defined as a composite section without axial deformation, and the cross-sectional properties are determined according to the principle of equivalent flexural rigidity.
(2) As shown in Figure 2 (a), without taking into account the joints, the staggered double-layer sheathings on each side of the wall are modelled as a rigid body (i.e., RigidDiaphragm in OpenSees) with slave nodes at each fastener location, and a master node in the centre, and the double rows of fasteners at each joint are simplified as a single row of screw connections because the double rows of fasteners can effectively restrain the out-plane deformation of sheathing wallboards without any change in the shear capacity of the wall [18, 24] . e rigid body has translation and rotation degrees of freedom only. (3) For a perforated RCFS shear wall with an opening in the centre, the experimental results in the previous study indicated that the wall segment over the opening plays the role of a coupling beam during the test [18] ; therefore, an equivalent method that inspired by Buonopane et al. [17] is proposed, in which the wall segment over the opening is modelled using a series of linear elastic beam-column elements that are connected to the chord studs using ZeroLength element 3, which transfer only vertical forces, as 2 Advances in Civil Engineering depicted in Figures 2(b) and 2(c) [17] . e bending moment is transferred from the wall segment to the chord studs through a moment couple of the horizontal forces at the beam ends, i.e., the ZeroLength elements 1 and 2 in Figure 2 (c). (4) ZeroLength elements are used to simulate both track-to-stud and sheathing-to-stud connections. In the case of CFRST column-to-track connections, the reinforced connection on the top was simulated by rotational spring, whose nonlinear behaviour was obtained from previous experimental results by the authors [25] ; the CFRST column-to-track connection at the bottom was assumed as fixed constraint.
In the case of track-to-internal stud connections, the rotation degrees of freedom of their corresponding ZeroLength elements are released. For sheathing-tostud connections with double-layer wallboards, the determination of the parameters of their corresponding ZeroLength elements is elaborated in Section 3.2.
(5) e out-plane translation degree of freedom of the nodes on the top track is constrained, and the translation degree of freedom of those nodes is coupled along the loading direction in order to simulate the loading beam. e translation degrees of freedom of the nodes on the bottom track are constrained to simulate the connections between the wall and foundation, and the translation degrees of freedom of the nodes at both ends of the interior studs are coupled to the corresponding nodes on the tracks to simulate track-to-stud connections. Previous test results showed that [18, 24] compared with shear walls with coupled C-section end studs, no obvious deformation was observed in the steel frames and the track-to-foundation connections of RCFS shear walls because the reinforced end studs restrained the lateral deformation of the walls effectively; besides, the hold downs were wielded by steel plates with a thickness of 4 mm, both strength and stiffness of which were large enough to guarantee the CFRST column-to-track Advances in Civil Engineering 3 connections. erefore, the track-to-foundation connections are assumed as pin-connections, while the fixed connections between the CFRSTcolumns and the bottom track are adopted to approximately simulate the effect of hold downs (see Figure 2 (d)). For rigid bodies on both sides of the wall, their rotation degrees of freedom around the X and Y directions and outplane translation degree of freedom are constrained to ensure that the sheathings of the wall exhibit only inplane translation and rotation.
Parameter Determination of Sheathing-to-Stud Connections with Double-Layer Wallboards.
As the sheathings on both sides of the wall are assumed to be rigid bodies, only inplane (i.e., along the X and Y directions in Figure 2 (a)) loaddeformation relationships of the fasteners in shear are considered. Cyclic loading tests of the RCFS shear walls show that the fasteners' failure modes can be summarised as screw tilting and being pulled out (hereinafter referred to as failure mode 1) and a screw being sheared off (hereinafter referred to as failure mode 2), as shown in Figures 2(e)∼2(f ). Fasteners on the tracks and interior studs mainly exhibited failure mode 1. e moment screw heads were then completely sunk into the face-layer wallboard, and the largest compression area of the sheathings was formed (see dotted line in Figure 2 (e)), and the wall reached its shear capacity. When the load continued to increase, the screws were pulled through the face-layer and base-layer wallboards successively, thus resulting in the failure of the wall. Failure mode 2 was mainly observed in the fasteners in the CFRST columns, especially in the case of those fasteners in the 140 mm deep CFRST columns of greater stiffness. Owing to the restriction imposed by the concrete core on the screw tilting, no obvious extrusion deformation of the sheathings was observed when the fasteners were in shear. e Pinching 4 model is used to define the hysteretic properties of sheathing-to-stud connections with doublelayer wallboards based on the test results listed in Table 1 [27] . As shown in Figure 3 , the Pinching 4 model makes use of 16 parameters (i.e., eight strength parameters relative to points 1∼8 and eight corresponding deformation parameters) to define the skeleton curve and six parameters to define the unloading-reloading paths. Damage factors and their corresponding limit indexes are used to determine the hysteretic damage criterion of the loading and unloading stiffness and strength [28] .
e specific values of those parameters are described in the following subsections.
Parameters of Skeleton Curve
A. Failure Mode 1
(1) As shown in Figure 1 (a), each stud has double rows of screw connections. Previous experimental results [18, 23] showed that the group effect of sufficient screws ensured the double-layer wallboards working as a rigid body; before the wall reached its shear capacity, the relative movements of the base-layer and face-layer wallboards allowed the screws to compress the wallboard of screw holes entirely. erefore, the fasteners' shear strength in each stage are assumed to be evaluated as the sum of the corresponding shear strength of each single-layer sheathing-to-stud connection, which is represented as
where f eeq-I , f yeq-I , and f meq-I are the equivalent shear strength of a fastener with failure mode 1 in the elastic stage (i.e., points 1 and 5 in Figure 3 ), yield stage (i.e., points 2 and 6 in Figure 3 ), and peak stage (i.e., points 3 and 7 in Figure 3 ), respectively; and f e1 , f y1 , and f m1 and f e2 , f y2 , and f m2 are the shear strengths of the single-layer sheathing-to-stud connections relative to the base-layer and face-layer wallboards in the elastic stage, yield stage, and peak stage, respectively. (2) During the postload period, screws were pulled through the face-layer and base-layer wallboards successively, the wall entered into the damage stage either because of loose screws in the base-layer wallboards, or screws pulled through face-layer wallboards, thus almost only single-layer wallboards provided the constraints to steel frames. In this case, the equivalent shear strength of a fastener f ueq-I (i.e., points 4 and 8 in Figure 3 ) can be determined to be the larger shear strength of the single-layer sheathing-to-stud connections corresponding to the baselayer (f u1 ) and face-layer (f u2 ) wallboards when the connections reach their failure deformation, which can be expressed as
(3) Owing to the extrusion deformation of the sheathings and the relative sliding between the base-layer and face-layer wallboards caused by loose screws, the deformation of the previous stage should be reckoned in that corresponding to the subsequent stage, see equations (5)- (8) . Furthermore, when a fastener reaches its peak shear strength, the deformation should be converted using equation (7) owing to the screw tilting.
where d eeq-I , d yeq-I , d meq-I , and d ueq-I are the equivalent shear deformations of a fastener that exhibits failure mode 1 in the elastic stage (i.e., points 1 and 5 in Figure 3 ), yield stage (i.e., points 2 and 6 in Figure 3 ), peak stage (i.e., points 3 and 7 in Figure 3 ), and damage stage (i.e., points 4 and 8 in Figure 3 ), respectively; d e1 , d y1 , d m1 , and d u1 and d e2 , d y2 , d m2 , and d u2 are the shear deformations of the single-layer sheathing-to-stud connections relative to the baselayer and face-layer wallboards in the elastic stage, yield stage, peak stage, and damage stage, respectively; and θ s is the angle between a screw and its initial position when the screw head is completely sunk into the face-layer wallboard, which can be determined according to the screw's specification and sheathing thickness. B. Failure Mode 2 In the case of a fastener that exhibits failure mode 2, its shear capacity is relatively larger than that of a Advances in Civil Engineering fastener that exhibits failure mode 1, and its shear strength is thus approximately determined based on the test results of calcium silicate board-to-stud connections (their failure mode is that of a screw being sheared off) in Table 1 . As calcium silicate board-to-stud connections mainly exhibit brittle failure and their load-deformation curves have no obvious yield limit, the shear strength of a fastener that exhibits failure mode 2 in each stage can be determined by equations (9)-(12) given as follows:
where f eeq-II , f yeq-II , f meq-II , and f ueq-II are the equivalent shear strength of a fastener that exhibits failure mode 2 in the elastic stage (i.e., points 1 and 5 in Figure 3 ), yield stage (i.e., points 2 and 6 in Figure 3 ), peak stage (i.e., points 3 and 7 in Figure 3 ), and damage stage (i.e., points 4 and 8 in Figure 3 ), respectively; f m is the peak shear strength of the calcium silicate board-to-stud connection; and f eeq-I , f yeq-I , f meq-I , and f ueq-I are identical to those in equations (1)-(4). e shear deformation of a fastener in each stage can be determined using equations (13)- (16) . In order to consider the restraint of the concrete core on screw tilting, d eeq-II , d yeq-II , and d meq-II are not reckoned in d yeq-II , d meq-II , and d ueq-I , respectively.
where d eeq-II , d yeq-II , d meq-II , and d ueq-II are the equivalent shear deformations of a fastener that exhibits failure mode 2 in the elastic stage (i.e., points 1 and 5 in Figure 3 ), yield stage (i.e., points 2 and 6 in Figure 3 ), peak stage (i.e., points 3 and 7 in Figure 3 ), and damage stage (i.e., points 4 and 8 in Figure 3 ), respectively; and d e1 , d e2 , d y1 , d y2 , d m1 , d m2 , d u1 , and d u2 are identical to those in equations (5)-(8).
Hysteretic Parameters.
According to the hysteretic characteristics of the sheathing-to-stud connections in shear, the cycle hysteretic damage is adopted to fit their load-deformation curves, and their hysteretic parameters can be determined by the trial method based on a criterion that the relative error of the fitted cumulative energy dissipation and the test result are no more than 15%. Table 1 : Single-layer sheathing-to-stud connection properties [26] . Advances in Civil Engineering As depicted in Figure 3 , the hysteretic parameters relative to points a, b, e, and f play a dominant role in the pinching characteristics, thus affecting the energy dissipation capacity of the sheathing-to-stud connection. Owing to the group effect of sufficient screws and effective constraints of reinforced end studs, the degradation of cycles with the same amplitude is not as significant as shear walls with coupled C-section end studs; moreover, as listed in Table 1 , the hysteretic curve's cumulative energy of single-layer sheathing-to-stud connections of the GWB is significantly lower than that of the BMG, especially for those connections with little end stage (i.e., . Hence, in order to ensure the reliability of the calculated shear performance of RCFS shear walls, the hysteretic parameters of single-layer sheathing-to-stud connections corresponding to the BMG with smaller values relative to points a, b, e, and f are taken as the hysteretic properties of the sheathing-to-stud connection with double-layer wallboards.
Model Verification and Discussion
Model Description.
In order to verify the improved fastener-based modelling method, comparative analyses between the simulated results and the test results of typical RCFS shear walls carried out by Wang and Ye [18] are conducted. e details of each wall configuration are provided in Table 2 and Figure 4 .
According to the tested material properties [26] , the elastic modulus, Poisson's ratio, and yield strength of the CFS members are 2.06 × 10 5 MPa, 0.3, and 395 MPa, respectively. As there were few fasteners on the 89 mm deep concrete-filled rectangular steel tube (CFRST) columns (specimen RW1) that exhibited failure mode 2 while all the screws on the 140 mm deep CFRST columns (specimens RW2 and RW3) were sheared off during the test, the shear properties of those fasteners on the reinforced end studs of specimen RW1 and specimens RW2 and RW3 are defined as failure mode 1 and failure mode 2, respectively, in Section 3.2.1. Furthermore, the contribution of an autoclaved lightweight concrete slab to a fastener's shear strength is neglected as it has a lower strength, and the effects of the input parameters of the corresponding fasteners on the interior studs and tracks of specimens RW2 and RW3 are evaluated as the properties of the single-layer BMG-to-stud connections. According to the test results [27] and based on an assumption of the load-deformation curves being symmetrical in forward and reverse loading, only eight parameters are required to be defined for forward loading (see Table 3 for details). In this case, because the hysteretic parameters relative to points a, b, e, and f of the BMG-tostud connection are lower than those of the GWB-to-stud connection, the values of the former are considered to be the hysteretic properties of the sheathing-to-stud connection with double-layer wallboards.
Comparisons between Simulated and Test Results.
After establishing the numerical model for each specimen, inputting the material properties of the steel frame and fasteners, and applying the boundary constraints, multistage cyclic displacements are applied to the coupled node of the top track until each model's displacement reaches a value at which damage occurs. It is noted that the tests were conducted in both the single-cycle force-control mode and three-cycle displacement-control mode, and the former was replaced with the latter when the specimen yielded; during the numerical analysis, the force-control mode was approximately converted into several displacement levels with a displacement step of 5 mm; the displacement step of the three-cycle displacement-control mode is 10 mm, which is the same as that used in the tests [18] . e load-displacement curve comparisons of the simulated and test results of the specimens are shown in Figures 5(a)∼5(c) . It should be noted that as explained in Section 3.2.2, owing to the effective constraints of reinforced end studs, the degradation of cycles with the same amplitude is not as significant as shear walls with coupled C-section end studs; thus, only the first hysteretic loop of each load level was considered in the comparison. It can be observed that the simulated curves agree well with the test results and reflect the hysteretic characteristics of the walls. It should be noted that the fullness of the dashed loops in Figure 5 (a) is less than that of the test result; this is because the stiffness of the 89 mm deep CFRST columns is lower and the deformation of the steel frame during the postload period is obvious. However, for the numerical model, it is difficult to reflect the large deformation such as distortion of the steel frame, thus resulting in a conservative calculated energy dissipation capacity of the wall. e steel frame deformation of the wall with 140 mm deep CFRST columns is relatively small, and the energy dissipation due to the steel frame deformation is not obvious; thus, the fullness of the dashed loops is very close to that of the test result (see Figures 5(b) and 5(c)). Table 4 lists the comparisons of the simulated and test results [18] for each specimen. It can be concluded that good agreements can be observed between the test and simulated results with the relative errors within 14.2%, thus indicating the correctness and reliability of the numerical models established in this study.
Discussion on the Application of the Equivalent Method to Perforated RCFS Shear Walls.
e cyclic loading test results [18] show that the empirical equations stated in AISI S213 are not applicable for calculating the shear capacity of perforated RCFS shear walls, and the method of simplifying the wall segments over and on both sides of an opening as a coupling beam and composite columns, respectively, can be used to accurately predict the shear capacity of a wall with an opening in the centre. e shear capacity of a wall with an opening in the side (i.e., the wall with a door in the side) can be evaluated as the shear strength corresponding to the net sheathed wall length.
Consequently, in order to clearly define the application scope of the equivalent method to perforated RCFS shear walls-in particular, perforated RCFS shear walls with an opening in the centre-sixteen numerical models with Advances in Civil Engineering various configurations are established, and the simulated and simplified calculated results of those models are compared. Details of each numerical model are listed in Table 5 , where IW1-IW8 are internal shear walls with a door, whose studs' section and sheathing setups are the same as those of specimen RW1, and OW1-OW8 are external shear walls with a window, whose studs' section and sheathing setups are the same as those of specimen RW3. Δ el and Δ f are the approximate elastic limit and the failure displacement of each specimen; the single-cycle mode with a displacement step of 5 mm is of the three-cycle mode with a displacement step of 10 mm; the steel of all specimens is of grade 345 MPa; a sheathing setups (see Figure 1 ); 1 50 mm autoclaved lightweight concrete slab; the fastener spacing of each specimen was 150 mm. 8 Advances in Civil Engineering Table 5 and Figure 6 show the simulated and simplified calculated results of each wall. It can be concluded that there is no stable relationship between the shear capacity and opening ratio; with regard to some walls with the same opening ratio, their shear capacities are different. erefore, the empirical equations for perforated shear walls described in AISI S213 are not suitable for perforated RCFS shear walls, which has also been concluded by Wang and Ye [18] . In the case of walls IW1 and OW1, the relative errors of their shear capacities between the simulated and simplified calculated results are within 5%. e simulated shear capacities of walls IW2-IW7 and walls OW2-OW7 are mostly lower than the simplified calculated results, and their relative errors are within 9%. e simulated results of walls IW8 and OW8 are higher than their simplified calculated results. Furthermore, the simulated results are close to the shear strength corresponding to the net sheathed wall length (i.e., the values in brackets).
It can be concluded that the application scope of the equivalent method to perforated RCFS shear walls is closely related to the opening size. (1) If b/d (i.e., the ratio of the opening width to the depth of the wall segment over an opening) ≤1.5, the weakening impact of the opening on the shear capacity of a wall can be neglected. (2) If 1.5 < b/d ≤ 5.0, the wall segment over an opening can play the role of a coupling beam, and the shear capacity of the wall can be determined by using the equivalent method of simplifying the wall segment as a linear elastic beam. (3) If b/d > 5.0, the shear capacity of a wall can be approximately evaluated as the shear strength corresponding to the net sheathed wall length because the wall segments over and on both sides of an opening may be insufficient for forming a rigid frame force mechanism.
Application of Improved Fastener-Based Modelling
Method to Mid-Rise RCFS Shear Walls. In order to verify the application of the improved fastener-based modelling method to mid-rise RCFS shear walls, typical mid-rise test specimens [23] are modelled and analysed. Details of each specimen are summarised in Table 2 .
According to the configurations of each specimen, the numerical models of mid-rise RCFS shear walls are established. Considering specimen MRW1 as an example, as shown in Figure 7 , the modelling process is as follows:
(1) Each floor of the specimen is separately modelled, and the nodes at the joist and adjacent tracks connected to the joist have the same coordinates. (2) In addition to coupling the translation degrees of freedom of the nodes at both ends of the interior studs to those of the corresponding nodes at the tracks, all the degrees of freedom of the nodes at the joist and adjacent tracks are coupled in order to simulate the connection of the adjacent steel frames. (3) As the in-plane stiffness of the floor is much larger than the shear stiffness of the shear wall, the joist is assumed to be a rigid beam. Furthermore, all the nodes at the joist are coupled, and one of the nodes is considered as the loading point of the lower wall segment. (4) All the degrees of freedom of the nodes at the adjacent end studs are coupled in order to simulate the continuous CFRST columns. e numerical models of the specimens MRW1-MRW3 are established, and after inputting the material properties of the steel frames and fasteners as well as applying the boundary constraints, multistage inverted triangle cyclic displacements are imposed on the coupled node of each floor. e displacement step is considered to be 5 mm, which is the same as that used in the tests [23] . e simulated results of each specimen were compared with the experimental data. According to the failure features of the specimens [23] , the behaviour of the upper storey remained essentially elastic when the lower wall segment reached its failure load.
us, the comparisons of the characteristic parameters of the skeleton curves stated below were focused on the lower wall segments.
Figures 5(d)∼5(i) and Table 6 show the comparisons of the simulated and test results of each specimen. Good It should be noted that the simulated pinching loads of specimen MRW1 were significantly lower than those of the test results (see Figures 5(d) and 5(e) ).
is is because, during the test, all the studs in the lower wall segment of specimen MRW1 were compressed and buckled as the studs' section area was small. e positions of the lateral restraints on the top of each wall segment against the outplane deformation changed as the vertical deformation of the specimen increased, and a large friction between the lateral restraints and loading beam along with the joist thereby occurred, thus resulting in an increase in the horizontal force on the wall during the unloading-reverse loading.
It can also be observed from Table 6 that the simulated results, including the elastic shear strength F e , yield shear force F y , and peak shear strength F p , are all lower than the test results, which indicates that the improved fastener-based modelling method can be used to effectively predict the lateral performance of double-storey RCFS shear walls subjected to an inverted triangle load. 
is the area ratio of the opening to that of the wall; F pc represents the calculated shear capacities, including the simulated results (FEM) and simplified calculated (SC) results calculated by the simplified method [18] , and λ is the absolute value of the relative error between FEM and SC; " * " and " # " indicate the shear capacities of specimens RW1 and RW2 without an opening, respectively; and the values in the brackets are the relative shear strength corresponding to the net sheathed wall length except for the wall segment over the opening. 
Summary and Conclusions
In this study, a fastener-based computational model was improved and extended to predict the shear performance of RCFS shear walls. e conclusions of this study are summarised as follows:
(1) e simulated load-displacement hysteretic curves agree well with previously obtained test results and can fully reflect characteristics such as the nonlinearity, pinching, strength degradation, and stiffness degradation of the walls subjected to a horizontal load, thus confirming the validity of the improved fastener-based modelling method for RCFS shear walls. Moreover, the relative errors between the simulated and test results of both the skeleton curves' characteristic parameters and unit shear stiffness k 300 when the lateral displacement of the wall on the top reaches H/300 are within 14.2%, thus proving the reliability of parameter determination for sheathing-to-stud connections with double-layer wallboards. (2) e application of the equivalent method of simplifying the wall segment over an opening as a linear elastic beam to perforated RCFS shear walls is closely related to the opening size. In the case of a perforated RCFS shear wall of a conventional size, the equivalent Δ wm is the horizontal displacement of each wall segment on the top with respect to the ground when the shear capacity is reached; the meaning of F e , F y , F p , Δ e , Δ y , κ, and κ max are identical to those in Table 4 . method is applicable in the case of 1.5 < b/d (i.e., the ratio of the opening width to the depth of the wall segment over an opening) ≤5.0. (3) e simulated results for double-storey RCFS shear walls, including the shear-force-displacement hysteresis curves and characteristic parameters of skeleton curves, are in good agreement with the test results, and their relative errors are within 14.5%. Furthermore, the simulated results, including the elastic shear strength F e , yield shear force F y , and peak shear strength F p , are all lower than those of the test results, which indicates that the improved fastener-based modelling method can effectively predict the lateral performance of mid-rise RCFS shear walls.
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